Abstract. Our group has recently reported that in the immortal human HepG2 liver cell line, sphingosine 1-phosphate (S1P) increases transcription of plasminogen activator inhibitor type-1 (PAI-1), the major physiological inhibitor of fibrinolysis, within 4 h. The present study aimed to elucidate the molecular mechanisms underlying this effect. PAI-1 expression was measured by reverse transcription-quantitative polymerase chain reaction and immunoblotting. It was demonstrated that S1P increased PAI-1 promoter activity but did not increase the activity of promoters lacking the hypoxia responsive element (HRE) 2. In addition, S1P transiently increased the concentration of hypoxia inducible factor (HIF)-1α, a transcription factor capable of binding to HRE. When HIF-1α was knocked down, the induction of transcription of PAI-1 by S1P was no longer observed. Sphingosine kinase (SPHK) activity is increased by hypoxia. It was demonstrated that increases in the concentration of the HIF-1α protein induced by hypoxia were prevented by treatment with SPHK inhibitor or S1P receptor antagonists. Thus, modification of the induction of HIF-1α by S1P, leading to increased transcription of PAI-1, may be an attractive therapeutic target for thrombosis and consequent inhibition of fibrinolysis associated with hypoxia.
Introduction
Plasminogen activator inhibitor type-1 (PAI-1) is the major physiological inhibitor of fibrinolysis and is implicated in diverse disorders, such as thrombosis, fibrosis and the vasculopathy associated with diabetes (1, 2) . PAI-1 is expressed in vascular endothelial cells, vascular smooth muscle cells, myocytes, hepatocytes and adipocytes. Its expression can be modulated by tissue specific factors (3) . PAI-1 has been found in plasma and platelets, as well as in conditioned media of endothelial cells and hepatocytes (4) .
Our previous study demonstrated that in the human HepG2 liver cell line, sphingosine 1-phosphate (S1P) can promptly increase the transcription of PAI-1 (5) . S1P, synthesized by sphingosine kinase (SPHK) acting on sphingosine, is a bioactive signaling molecule that regulates cell movement, differentiation, inflammation, angiogenesis and immunity through S1P receptors (6) (7) (8) (9) . S1P can be released from red blood cells, platelets and endothelial cells. Receptors of S1P are G protein-coupled receptors consisting of 5 sub types (6) . In the PAI-1 3'-untranslated region (UTR), S1P contributes to RNA decay, thus, increased PAI-1 transcription due to S1P likely involves the promoter region (5) .
It was recently reported that plasma S1P levels in patients were correlated with their body mass index and PAI-1 levels. When plasma S1P levels were corrected with hemoglobin or hematocrit, this correlation was no longer observed (10) . In addition, in mouse 3T3-L1 adipocytes, CoCl 2 was shown to promote S1P production and extracellular transport, and increase hypoxia inducible factor (HIF)-1α and PAI-1 (10) .
In HepG2 cells, hypoxia can increase transcription of PAI-1 by acting on the hypoxia responsive element (HRE) 2 of the PAI-1 promoter. Transcriptional factor HIF-1α can complex with the aryl hydrocarbon receptor nuclear translocator and bind to HRE2 (11) . HIF-1α is a 'master regulator' of gene expression. Under conditions of hypoxia the activity of the oxygen-dependent enzyme, prolyl hydroxylase, is attenuated. Consequently, degradation of HIF-1 by the ubiquitin-proteasome pathway is inhibited (12) . SPHK1, the major enzyme involved in S1P synthesis, is a modulator of HIF-1α during hypoxia in human cancer cells (13) . Stimulation with 1% O 2 elevates S1P in cultured human colon cancer cells (14, 15) . Accordingly, S1P is likely to be pivotal in increasing PAI-1 induced by hypoxia. The results obtained in the present study suggest that in HepG2 cells, S1P induced by hypoxia is an essential component in the pathway leading to induction of HIF-1α and hence increased transcription of PAI-1.
Materials and methods
Cell culture and reagents. Human hepatocarcinoma-derived HepG2 cells (American Type Culture Collection, Manassas, VA, USA) were grown in Dulbecco's modified Eagle's medium (DMEM, Wako Pure Chemical, Osaka, Japan) containing 4.5 mg/ml glucose and supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C in 5% CO 2 . Cells were grown to 80% confluency, washed with phosphate-buffered saline (PBS) and serum starved by incubating in serum-free DMEM containing 0.2% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) for 16 h. S1P (Enzo Life Sciences, Farmingdale, NY, USA) was added to the media to assess its effects on expression of mRNA and protein. In certain experiments, cells were cultured under hypoxic condition (1% O 2 and 5% CO 2 ) in a low oxygen incubator (CO 2 /multi-gas incubator, Astec, Fukuoka, Japan). JTE-013 (S1P 2 inhibitor; Cayman Chemical, Ann Arbor, MI, USA) and VPC-23019 (S1P 1/3 inhibitor; Avanti Polar Lipids, Alabaster, AL, USA) were dissolved in dimethyl sulfoxide (DMSO). They were added to the medium 30 min prior to exposure of the cells to hypoxia or stimulation by S1P at concentrations of 10 µM. An SPHK inhibitor, SKI [2-(p-Hydroxyanilino)-4-(p-chlorophenyl) thiazole HCl; Merck Bioscience, Darmstadt, Germany] was also dissolved in DMSO and added to the medium 30 min before induction of hypoxia at a concentration of 10 µM.
Reverse transcription-quantitative polymerase chain reaction. Total RNA was isolated with the use of the Tripure Isolation Reagent (Roche Diagnostics, Basel, Switzerland) and converted to cDNA with the use of PrimeScript RT reagent kits (cat. no. RR037A; Takara Bio Inc., Otsu, Japan). qPCR was performed with FastStart Universal SYBR Green Master (ROX) (Roche Diagnostics) on a Thermal Cycler Dice Real Time system (cat. no. TP900; Takara Bio Inc.). When the reaction had proceeded and the amplification and melting curves had been confirmed, mRNA was quantified with the use of the ΔΔCq method as described previously (16) . The reactions were performed as follows: 95˚C for 10 min, then 95˚C for 15 sec and 60˚C for 1 min for 40 cycles. The primers used for qPCR were as follows: Forward: 5'-TGA TGG CTC AGA CCA ACA AG-3' and reverse: 5'-CAG CAA TGA ACA TGC TGA GG-3' for human PAI-1; and forward: 5'-TCA TCC AAG AAG CCC TAA CG-3' and reverse: 5'-CGC TTT CTC TGA GCA TTC TG-3' for human HIF-1α. The human β-actin primer set (cat. no. HA067803) was purchased from Takara Bio Inc. and used as a control for normalization.
Immunobloting. PAI-1 protein in conditioned media was quantified as described previously (5) . β-actin and HIF-1α in cell lysates were assayed as follows: HepG2 cells were washed with PBS and lysed with lysis buffer [62.5 mmol/l Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate (SDS) and 10% glycerol]. The lysates were centrifuged at 13,000 x g for 5 min at 4˚C to remove the cell debris. Samples of supernatant fractions were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) with the use of 8 or 10% running gels. After quantification of concentrations of protein with bicinchoninic acid protein assay kits (Thermo Fisher Scientific, Inc.), samples were diluted with 1X SDS sample buffer [62.5 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 5% 2-mercaptoethanol and a trace amount of bromophenol blue] and incubated at 37˚C for 5 min. Equal amounts of protein were separated by SDS-PAGE and transferred to Immobilon-P polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). Membranes were blocked in 3% skim milk in Tris-buffered saline. Membranes were incubated with mouse anti-HIF-1α IgG (1:5,000 dilution; cat. no. NB100-105; Novus Biologicals LLC, Littleton, CO, USA), or mouse anti-β-actin IgG (1;20,000 dilution; cat. no. A5441 Sigma-Aldrich) for 18 h, and then incubated with peroxidase-conjugated goat anti-mouse IgG (1:5,000 dilution for HIF-1 and 1:10,000 dilution for actin detection; cat. no. NA9310; GE Healthcare, Buckinghamshire, England) for 1 h. Labeling was detected with enhanced chemiluminescence-Plus reagents (GE Healthcare) or the SuperSignal West Femto Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.) and the use of a photoimager LAS-3000 mini (Fujifilm, Tokyo, Japan). Images were analyzed with Image Gauge software (version 4.0; Fujifilm).
Plasmid constructs. The plasmids used were gifts from Dr Imagawa (Department of Cardiovascular Medicine, Hokkaido University, Sapporo, Japan). pGL3-basic vector (Promega Corporation, Madison, WI, USA) containing the PAI-1 gene promoter region (-825 to +42) (designated as P-1) was used as previously described (5). PAI-1 gene promoter area fragments (P-2, -659 to +42; P-3, -536 to +42; P-4, -360 to +42; P-5, -302 to +42; P-6, -205 to +42; P-7, -165 to +42; P-8, -115 to +42 and P-9, -60 to +42) were constructed in pGL3-control vectors (Promega Corporation) (17, 18) . All the promoters were characterized by sequencing.
Transfection and luciferase assays. For measuring activity of the promoter region of the PAI-1 gene, DNA transfection and luciferase assays were performed as previously described (4). HepG2 cells were inoculated on 12-well plates at 50% confluence and preincubated in serum free DMEM containing 0.2% BSA. Transient transfection was performed with the lipofection method with the use of Lipofectamine LTX (Thermo Fisher Scientific, Inc.). Co-transfections were performed with 1 mg each of the PAI-1 promoter firefly luciferase fusion DNA reporter constructs in pGL3-basic vector (Promega Corporation) and 5 ng control pRL-TK vectors (Promega Corporation). After 5 h, the cells were cultured in serum-starved media for 18 h, stimulated with S1P or hypoxia for 24 h and harvested. Luciferase activity was detected in cell extracts with the Passive Lysis Buffer with the use of the Dual-Luciferase Reporter Assay system (Promega Corporation) and a luminometer (GloMax 20/20n, Promega Corporation). Normalized luciferase activity was calculated as the ratio of firefly luciferase activity to control Renilla luciferase activity. Results for each reporter construct were expressed as the fold induction compared with results in transfected, unstimulated cells.
RNA interference. Control small interfering (si)RNA (MISSON siRNA Universal Negative Control) and human HIF1A (HIF-1α) siRNA (SASI_Hs02_00332063) were purchased from Sigma-Aldrich. siRNA (75 pmol) was transfected to HepG2 cells by reverse transfection with the use of Lipofectamine RNAiMAX (Thermo Fisher Scientific, Inc.). After 48 h, cells were serum-starved for 16 h and then stimulated under hypoxic conditions and by S1P for 6 h and 4 h, Figure 1 . Hypoxia and S1P increase PAI-1 promoter activity through HRE2. HepG2 cells were co-transfected with 1 µg each of the PAI-1 promoter area firefly luciferase fusion DNA reporter constructs (P-1 to P-9) in pGL3-basic vector and 5 ng control pRL-TK vector. After 5 h, the cells were serum-starved for 18 h, stimulated with S1P (1,000 nM), cultured in serum-free DMEM under hypoxic conditions for 24 h and harvested. Luciferase activity was detected in cell extracts. (A) Locations of HRE1 and HRE2 are shown. (B) Cells were transfected with P-1 reporter construct and treated with S1P. After 24 h, luciferase activity was detected (n=3, * P<0.05 compared with 0 nM). (C) Cells were transfected with a P-1 reporter construct and subjected to hypoxia and S1P (at the indicated concentrations). After 24 h luciferase activity was detected (n=8, * P<0.05 compared with normoxia and 0 nM, # P<0.05 compared with hypoxia and 0 nM). (D) Cells were transfected with P-6 reporter construct and subjected to hypoxia and S1P (at the indicated concentrations). After 24 h, luciferase activity was detected (n=3, * P<0.05 compared with normoxia and 0 nM, # P<0.05 compared with hypoxia and 0 nM). (E) Cells were transfected with P-7 reporter construct and subjected to hypoxia and S1P (at the indicated concentrations). After 24 h, luciferase activity was detected. (F) Cells were stimulated with hypoxia and S1P (the indicated concentration) for 3 h. Total RNA was subjected to reverse transcription-quantitative polymerase chain reaction for detection of PAI-1 mRNA (n=3, * P<0.05 compared with normoxia and 0 nM, # P<0.05 compared with hypoxia and 0 nM). S1P, sphingosine 1-phosphate; PAI-1, plasminogen activator inhibitor type-1; HRE, hypoxia responsive element.
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A respectively. Cells and media were collected and subjected to RT-qPCR and immunoblotting, respectively.
Measurement of SPHK activity. In vitro sphingosine kinase assays were performed as described previously (19) , with minor modifications. Cells were lysed by sonication in assay buffer containing 20 mM Tris-HCl (pH 7.5), 0.25 mM EDTA, 12 mM b-glycerophosphate, 1 mM sodium pyrophosphate, 5 mM sodium fluoride, 5% glycerol, 1X protease inhibitor cocktail (Complete™ EDTA free; Roche Diagnostics), 1 mM phenylmethylsulfonyl fluoride, 5 mM sodium orthovanadate, 2 mM dithiothreitol and 0.5 mM 4-deoxypyridoxine. After removal of cell debris by centrifugation at 1,000 x g for 3 min at 4˚C, the total lysates were subjected to an in vitro sphingosine kinase assay. Volumes of samples (50 µg protein) were adjusted to 190 µl with assay buffer and mixed with 10 µM D-erythro-sphingosine (dissolved in 5% Triton X-100). (A and B) Cells were exposed to hypoxia, S1P or combination of both for 3 h and total RNA was prepared and subjected to RT-qPCR for detection of HIF-1α mRNA. (C) HepG2 cells were exposed to hypoxia and cell lysates were subjected to western blotting for detection of HIF-1α protein. (D) HepG2 cells were exposed to S1P (500 nM), and cell lysates were subjected to western blotting for detection of HIF-1α protein. (E) Cells were exposed to hypoxia and total RNA was prepared and subjected to RT-qPCR for detection of PAI-1 mRNA (n=3, * P<0.05 compared with 0 h). (F) Cells were exposed to hypoxia and conditioned media were subjected to western blotting for detection of PAI-1 protein. Ponceau S staining was used as a loading control. S1P, sphingosine 1-phosphate; PAI-1, plasminogen activator inhibitor type-1; HIF-1α, hypoxia inducible factor-1α; RT-qPCR, reverse transcription-quantitative polymerase chain reaction. Statistical analysis. Data are expressed as the mean ± standard deviation. After verification that the data were normally distributed, differences were assessed with Welch's t-tests. Multiple comparisons between groups were made by Tukey-Kramer test. P<0.05 was considered to indicate a statistically significant difference.
Results

Hypoxia and S1P increase PAI-1 promoter activity in relation to HRE2 and increase transcription of PAI-1.
To determine the association of S1P with transcription of PAI-1, the effects of S1P on PAI-1 promoter activity were determined using a luciferase assay and a PAI-1 promoter construct. Hypoxia and S1P increased the luciferase activity of PAI-1 promoter constructs (P<0.05; P-1 to P-6). No effects were observed in P-7 to P-9 (Fig. 1A) . S1P increased the luciferase activity of PAI-1 promoter constructs (P-1) in a dose-dependent manner (Fig. 1B) . With the P-1 and P-6 constructs, S1P had additive effects with hypoxia in inducing luciferase activity (P<0.05; Fig. 1C and D) . However, in the P-7 construct, without HRE2 S1P, hypoxia failed to induce luciferase activity (Fig. 1E) . In addition, S1P and hypoxia increased PAI-1 mRNA in an additive manner (Fig. 1F) . These results suggested that hypoxia and S1P increased PAI-1 promoter activity in a HRE2-dependent manner and increased transcription of PAI-1.
Induction of HIF-1α by S1P is transient compared with that observed with induction by hypoxia.
Hypoxia and S1P were not identified to alter the expression of HIF-1α mRNA ( Fig. 2A  and B) . Thus, the effects of S1P on HIF-1α protein and PAI-1 mRNA were elucidated to determine the differences between the effects of S1P and hypoxia. Hypoxia and S1P increased HIF-1α protein levels ( Fig. 2C and D) and hypoxia was shown to increase PAI-1 mRNA (P<0.05; Fig. 2E ). The increase in PAI-1 protein with hypoxia was sustained (Fig. 2F) . The increase in HIF-1α with S1P was transient (Fig. 2D) . Thus, induction of HIF-1α by S1P was transient compared with that observed with induction by hypoxia.
Induction of PAI-1 by hypoxia and S1P involves HIF-1α.
It was investigated whether the S1P-induced increase in PAI-1 transcription involves HIF-1α using siRNA. HIF-1α siRNA reduced HIF-1α mRNA by 0.5-fold (P<0.01; Fig. 3A) . HIF-1α siRNA modestly prevented the increase in PAI-1 protein induced by hypoxia and S1P (Fig. 3B) . HIF-1α siRNA prevented the increase in PAI-1 mRNA induced by S1P (P<0.01; Fig. 3C ). Furthermore, HIF-1α siRNA prevented the increase in PAI-1 mRNA induced by hypoxia (Fig. 3D) . The results suggested that the induction of PAI-1 by hypoxia and S1P involved HIF-1α.
Under conditions of hypoxia, S1P increases HIF-1α in an autocrine and paracrine manner. It was then investigated whether alterations of HIF-1α induced by hypoxia involves S1P. Hypoxia was observed to increase the enzymatic activity 
P<0.01 compared with control). (B)
After transfection with HIF-1α siRNA, cells were serum-starved for 16 h. Then, cells were subjected to hypoxia and S1P (500 nM) for 24 h. Conditioned media were collected. PAI-1 was quantified by western blot analysis. Ponceau S staining was used as a loading control. (C) After transfection with HIF-1α siRNA, cells were serum-starved for 16 h. Then, cells were stimulated with S1P (500 nM) for 4 h. Total RNA was extracted and subjected to RT-qPCR for detection of PAI-1 mRNA (n=3, ** P<0.01). (D) After transfection with HIF-1α siRNA, cells were serum-starved for 16 h. Then, cells were subjected to hypoxia for 6 h. Total RNA was extracted and subjected to RT-qPCR for detection of PAI-1 mRNA (n=3, ** P<0.01). HIF-1α, hypoxia inducible factor-1α; PAI-1; plasminogen activator inhibitor type-1; S1P, sphingosine 1-phosphate; siRNA, small interfering RNA; RT-qPCR, reverse trancscription-quantitative polymerase chain reaction.
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of SPHK (P<0.05; Fig. 4A ). The increase in HIF-1α protein induced by hypoxia was attenuated by inhibitors of SPHK (Fig. 4B) . Increases in HIF-1α induced by hypoxia and S1P were blunted by inhibitors of S1P 1/3 ( Fig. 4C and D) . Increases in PAI-1 mRNA induced by S1P and hypoxia were diminished by inhibitors of S1P 1/3 (P<0.01; Fig. 4E and F) . Thus, S1P increased HIF-1α in an autocrine and paracrine manner under conditions of hypoxia.
Discussion
In the present study, hypoxia and S1P acted on the same region of the PAI-1 promoter. In HepG2 cells, PAI-1 promoter regions have previously been investigated (11, 17, 18, (20) (21) (22) (23) . The region responsive to S1P contained HRE2. As S1P and hypoxia increased PAI-1 promoter activity in an additive manner, it is likely that S1P and hypoxia share a common transcription factor and increase PAI-1. HIF-1α binds to PAI-1 HRE2 (11,22) . In HepG2 cells, increases in HIF-1α protein in response to hypoxia were persistent. By contrast, the S1P-induced increase in HIF-1α protein, although rapid, was transient, which was consistent with the results of a previous study (11) . An increase in PAI-1 protein in conditioned media by hypoxia became apparent at 6 h. S1P did not significantly increase PAI-1 protein in the media. Therefore, HIF-1α protein and PAI-1 mRNA were investigated. Transcription of PAI-1 induced by S1P was strongly inhibited by knockdown of HIF-1α, suggesting that S1P increases transcription of PAI-1 via modulation of HIF-1α. Increases in PAI-1 transcription following hypoxia were partially diminished by HIF-1α knockdown, suggesting that HIF-1α is involved in PAI-1 transcription in a diverse manner under hypoxia and S1P.
In human cancer cells, hypoxia increases the activity of SPHK. S1P released from such cells can function in an autocrine or paracrine manner (13, 24) . Temporally similar, rapid increases in SPHK activity induced by hypoxia were observed in HepG2 cells. The increases in SPHK1 protein preceded 32 P]-ATP and 50 µM sphingosine for 15 min at 37˚C. Lipids were extracted and separated by thin-layer chromatography. Radioactivity associated with S1P was quantified using a Bio-Imaging Analyzer BAS-1800II (n=3, * P<0.05 compared with 0 h). (B) Cells were pretreated with SKI for 30 min, exposed to hypoxia for 6 h, and subjected to western blot analysis for detection of HIF-1α protein.
(C) Cells were pretreated with S1P receptor antagonists for 30 min, exposed to S1P (500 nM) for 4 h, and subjected to western blot analysis for the detection of HIF-1α protein. (D) Cells were pretreated with S1P receptor antagonists for 30 min, exposed to hypoxia for 6 h, and subjected to western blot analysis for the detection of HIF-1α protein. (E) Cells were pretreated with S1P receptor antagonists for 30 min, exposed to S1P (500 nM) for 4 h, and total RNA subjected to RT-qPCR for detection of PAI-1 mRNA (n=3, ** P<0.01). (F) Cells were pretreated with S1P receptor antagonists for 30 min, exposed to hypoxia for 6 h, and total RNA subjected to RT-qPCR for detection of PAI-1 mRNA (n=3, ** P<0.01). S1P, sphingosine 1-phosphate; HIF-1α, hypoxia inducible factor-1α; PAI-1; plasminogen activator inhibitor type-1; RT-qPCR, reverse trancscription-quantitative polymerase chain reaction; SPHK, sphingosine kinase.
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the increases in HIF-1α protein. Furthermore, knockdown of SPHK1 prevented the hypoxia-induced increases in HIF-1α protein (13) . Inhibitors of SPHK also prevented the increases in HIF-1α protein induced by hypoxia. These results suggest that SPHK or products of SPHK are central to hypoxia-induced increases in HIF-1α. Hypoxia and/or S1P did not affect HIF-1α mRNA. However, hypoxia and S1P increased HIF-1α protein.
Even in the absence of hypoxia, S1P increases HIF-1α protein via activation of the phosphoinositide 3-kinase pathway independent of von Hippel-Lindau (VHL) tumor suppressor protein (pVHL) in mouse endothelial cells (25) . By contrast, hypoxia induces increases in SPHK1 activity that increase HIF-1α protein via pVHL in human cancer cells (13) . In human follicular thyroid cancer cells, S1P stabilized the HIF-1α protein independent of pVHL (26) . Conversely, S1P activated translational regulators eIF-4E and p70S6K, which are known to control HIF-1α synthesis (26) . The results obtained in the present study support the view that S1P and hypoxia increase transcription of PAI-1 in an additive manner. S1P 1/3 inhibitors prevented the increases in HIF-1α protein induced by hypoxia and S1P. Downstream transcription of PAI-1 was attenuated. These results suggested that S1P produced by SPHK is involved in the early stages of increases in HIF-1α protein induced by hypoxia. As HepG2 cells express S1P 1 , S1P 2 and S1P 4 subtypes (5), it is likely that increases in PAI-1 induced by S1P are mediated by S1P 1 (5-6). However, other S1P receptor subtypes have been demonstrated to also be involved (10, 25, 26) . S1P also affects transcriptional regulation with miRNA and RNA binding protein. S1P acts on PAI-1 mRNA 3'-UTR and regulates RNA decay (5) . At high concentrations of S1P, PAI-1 is increased. Indeed, in humans, plasma S1P level and plasma PAI-1 levels are positively correlated (10) .
Sphingolipids are known to be associated with thrombosis. In Fabry disease, a sphingolipid storage disorder, plasma S1P level is increased (27) and thrombosis results from cerebral vasculopathy (28) . Npc1 is the gene responsible for Niemann-Pick disease and, in ApoE -/-, Npc1 -/-mice spontaneous atherothrombosis and medial degradation are observed (29) . Furthermore, S1P is abundantly present in platelets and red blood cells (30, 31) . It is likely that the S1P concentration can be increased with platelet activation or red blood cell destruction. For instance, hemoglobin released upon hemolysis can activate platelets, and thrombosis is the major cause of death in paroxysmal nocturnal hemoglobinuria, where chronic hemolysis is observed (32) . In thrombotic thrombocytopenic purpura, thrombus formation is facilitated and red blood cells are mechanically destroyed. In these diseases or animal models PAI-1 is shown to be increased (29, (33) (34) (35) , suggesting that excessive S1P can increase PAI-1 and shift the fibrinolytic balance toward thrombosis.
In normal human plasma, the S1P concentration is 100-300 nM (30) and is maintained by the release from platelets, red blood cells and endothelium (31) . Thrombus formation, tissue hypoxia and release of S1P from activated platelets are closely associated (30, 31) . Hypoxia can induce the release of S1P from diverse tissues, leading to a environment characterized by high levels of S1P. Associations between the increase in PAI-1, and hypoxia and S1P may underlie the formation of thrombus and create a vicious cycle. Induction of PAI-1 and diminution of fibrinolysis by S1P under conditions of hypoxia may be attenuated by pharmacologic interventions focused on inhibition of S1P receptors.
In conclusion, the present study demonstrated that S1P induced by hypoxia increases the expression of PAI-1 in HepG2 cells via HIF-1α and that inhibition of S1P receptors may be an attractive therapeutic target and ameliorate thrombosis following hypoxia.
